We present a new relativistic formulation for the calculation of nuclear magnetic resonance ͑NMR͒ shielding tensors. The formulation makes use of gauge-including atomic orbitals and is based on density functional theory. The relativistic effects are included by making use of the zeroth-order regular approximation. This formulation has been implemented and the 199 Hg NMR shifts of HgMe 2 , HgMeCN, Hg͑CN͒ 2 , HgMeCl, HgMeBr, HgMeI, HgCl 2 , HgBr 2 , and HgI 2 have been calculated using both experimental and optimized geometries. For experimental geometries, good qualitative agreement with experiment is obtained. Quantitatively, the calculated results deviate from experiment on average by 163 ppm, which is approximately 3% of the range of 199 Hg NMR. The experimental effects of an electron donating solvent on the mercury shifts have been reproduced with calculations on HgCl 2 ͑NH 3 ͒ 2 , HgBr 2 ͑NH 3 ͒ 2 , and HgI 2 ͑NH 3 ͒ 2 . In addition, it is shown that the mercury NMR shieldings are sensitive to geometry with changes for HgCl 2 of approximately 50 ppm for each 0.01 Å change in bond length, and 100 ppm for each 10°change in bond angle.
I. INTRODUCTION
The aim of the work presented in this paper has been to use the zeroth-order regular approximation ͑ZORA͒ [1] [2] [3] [4] to incorporate the effects of relativity into the calculation of nuclear magnetic resonance ͑NMR͒ shielding tensors, and to test our implementation of the ZORA NMR by evaluating 199 Hg chemical shifts.
The method for calculating the NMR shieldings using ZORA is an extension of the approach of Scheckenbach and Ziegler, 5 and of Wolff and Ziegler, 6 in which the more familiar relativistic Pauli approximation together with density functional theory ͑DFT͒ and gauge-including atomic orbitals ͑GIAO͒ was used to calculate the NMR shielding tensors.
In the sections that follow we give a brief introduction to ZORA and its relation to the Dirac equation and the Pauli approximation. We then present ZORA expressions for the shielding tensor, and show that the total shielding may be regarded as a sum of three contributions: a paramagnetic contribution, a diamagnetic contribution, and a ''spin-orbit coupling'' contribution. To determine the quality of the ZORA NMR, 13 C NMR shieldings and chemical shifts of methyl halides and carbon tetrahalides are calculated and compared to both experiment and NMR shieldings and shifts calculated within the Pauli approximation. Finally, we present calculated 199 Hg NMR shieldings and chemical shifts for a variety of mercury compounds, and demonstrate that these shieldings and shifts are sensitive to both geometry and solvent effects.
II. THE ZEROTH-ORDER REGULAR APPROXIMATION "ZORA…
In this section we give a brief introduction to ZORA. For more details the reader is referred to the literature. [1] [2] [3] [4] The one-electron Dirac eigenequation may be written as:
Here, V is the electrostatic potential energy, c is the speed of light, is the three-component Pauli spin matrix, p is the three-component momentum operator, E is the energy, and and are the ''large'' and ''small'' components, respectively. Each of the large and small components are twocomponent spinors. We require an eigenequation involving only the large component.
The large and small component are related by ϭX, where However, the Hamiltonian in this equation is not Hermitian, and the resulting eigenfunctions are not normalized. These problems can be circumvented by introducing the Hermitian Hamiltonian hϭ͑1ϩX † X ͒ Here B is the external magnetic field, Q is the nuclear magnetic moment attached to nucleus Q at position R Q , and r Q ϭrϪR Q . Exact solutions of the ZORA equation ͑9͒ are independent ͑up to a phase factor͒ of the choice of origin of the vector potential for the external magnetic field. While there is a dependency on the gauge of the electrical potential V, which can be solved as discussed in Ref. 3 , there is no special problem in the ZORA equation ͑9͒ with respect to the dependency on the choice of origin for the vector potential. In finite basis sets there is of course the well known gaugedependency problem, which is solved by the use of gaugeincluding atomic orbitals, see below.
The NMR shielding tensor can then be found from the total scaled energy Eq. ͑8͒ using
͑10͒
In this expression, i are the scale factors defined as in Eq. ͑7͒, kt is the shielding tensor component due to the change in the kth component of the magnetic field B k , and the tth component of the magnetic moment Q,t of nucleus Q. The notations ‫ץ‬ B k and ‫ץ‬ Q,t denote the partial derivatives with respect to B k and Q,t , respectively. In our formulations we will try to follow closely the notations of Wolff and Ziegler, 6 although we are now using the ZORA Hamiltonian instead of the relativistic Pauli Hamiltonian.
It should be noted that when a magnetic field is introduced, the total energy given by Eq. ͑8͒ will be a functional of both the density and the current density. In deriving Eq. ͑10͒ from Eq. ͑8͒ it is assumed that the total energy is independent of the current, and that the first-order change in the density vanishes. Thus we are using uncoupled DFT to determine the NMR shieldings. 6 It is straightforward to calculate the derivative with respect to Q,t in the ZORA formalism,
In order to evaluate the expression in Eq. ͑10͒ we also need to know the spinors i (B) up to first order in the magnetic field. We first solve the ZORA equation, without magnetic field
This solution can be written in terms of real atomic basis functions ,
with complex coefficients d i ␥ , and spin function ␥, which is either ␣ or ␤ spin.
Next we calculate the solutions of the ZORA equation including the external magnetic field B up to first order,
where h
͑18͒
Gauge-including atomic orbitals ͑GIAOs͒ are used to ensure that the calculated results do not depend on the gauge origin of the magnetic vector potential A B . The basis functions now depend on the external magnetic field as:
It is convenient to introduce an auxiliary basis set with basis functions ⌽ j ,
in order to write the solution i (B) in terms of these basis functions:
Thus up to first order in the external magnetic field,
͑22͒
Using first order perturbation theory ͑FOPT͒ the k component of the expansion coefficients u i j is
for the first-order overlap matrix S ji 1,k and for the first-order DFT matrix F ji 1,k , respectively. Related relations can be found in Ref. 7 for the calculation of the g tensor, which parametrizes the Zeeman interaction, the interaction of the ͑effective͒ electronic spin of a paramagnetic molecule of interest with an external magnetic field.
A. Expressions for the shielding tensor
Following Ref. 6 , the NMR shielding tensor is written as a sum of three contributions,
where kt d is the diamagnetic contribution to the shielding tensor given by
͑28͒
kt p is the paramagnetic contribution given by
and kt SO is the spin-orbit contribution given by
͑30͒
In Eqs. ͑27͒-͑30͒
h t 01 and h t SO were defined in Eqs. ͑12͒ and ͑14͒, respectively, and i is the scale factor defined in Eq. ͑7͒. Note that in deriving Eq. ͑30͒, it has been assumed that the i are independent of the magnetic field.
In the above formulas, N occ is the number of occupied molecular orbitals ͑MOs͒, N vir the number of virtual orbitals, and N is the number of atomic orbitals. The indices i and j are used for the occupied orbitals, a is an index for the virtual orbitals, and are indices for the basis functions, ␥ and ␥Ј are indices for the ␣ and ␤ spins, kϭ1,2,3 is the magnetic field component, and tϭ1,2,3 is the nuclear magnetic moment component.
B. The similarity of the ZORA NMR formulation to the standard NMR formulation
The principle difference between the ZORA NMR expressions for the operators of Eqs. ͑12͒-͑14͒, and standard expressions 5, 6, [8] [9] [10] [11] is the appearance of the factor K, defined as in Eq. ͑5͒. Setting Kϭ1, the expressions for the ZORA NMR operators h 01 and h
11
, given by Eqs. ͑12͒ and ͑13͒, become the familiar nonrelativistic NMR paramagnetic and diamagnetic expressions. Furthermore, noting that Eq. ͑14͒ can be rewritten as
͑32͒
and setting Kϭ1, the following expression is obtained:
This is the Fermi-contact term plus spin-dipolar operators of Ballard et al. 8 Thus at Kϭ1, the ZORA NMR expressions for the operators reduce to the standard expressions.
For a point charge, VϳϪ1/r. In this case, KϷ0 near the point charge, but KϷ1 away from the point charge. Thus, one could say that near a nucleus, the ZORA spin-dipolar parts differ from the more familiar parts, but away from the nucleus, it is essentially the same. In the ZORA NMR formulation the Fermi-contact term does not arise from the first term in Eq. ͑32͒, since KϷ0 near the point charge, but arises from the last two terms in this equation. This interesting feature of the ͑regular approximated͒ relativistic hyperfine interaction was already observed by Harriman.
12

IV. IMPLEMENTATION
Implementation of the above formulation was carried out within the Amsterdam Density Functional ͑ADF͒ package. 13 This package was developed by Baerends 14 and Ravenek.
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ADF makes extensive use of the numerical integration scheme developed by te Velde. 16 This integration scheme makes it possible to evaluate all required atomic matrix elements accurately. The ZORA part of ADF was developed by van Lenthe et al. 1 The ZORA NMR routines for calculating the shielding tensors were programmed by the authors of this paper. The NMR routines use the MO coefficients of an ADF ZORA calculation. The matrix elements are evaluated over atomic orbitals by numerical integration, and then transformed to molecular orbitals.
The program was tested by various means, one of which involved calculating the 13 C NMR of various carboncontaining molecules using both the ZORA NMR program and a Pauli spin-orbit ͑PSO͒ quasirelativistic NMR program developed earlier by the authors of this paper. 6 A discussion of the data is presented shortly.
V. COMPUTATIONAL DETAILS
The ZORA NMR chemical shifts were evaluated by the GIAO ZORA method presented in this work. Where experi- mental geometries were not used, the geometries were optimized using a quasirelativistic method. The direct optimization by ZORA is still under development. Special basis sets were employed in all ZORA calculations. These all-electron basis sets use Slater type orbitals ͑STOs͒, and are double in the core, triple in the valence, and have one or two polarization functions added. A basis set with one polarization function added will be referred to as a ''IV basis set,'' and a basis set with two polarization functions added will be referred to as a ''V basis set''-this corresponds to the designations given to these sets in the ADF package.
For the quasirelativistic calculations, basis sets of the same type as the ZORA IV basis sets were used, but with the addition of frozen cores. For the geometry optimizations, the cores of Hg, I, Br, Cl, N and C were frozen up to and including 4d, 4p, 3p, 2p, 1s, and 1s, respectively. For the 13 C PSO NMR calculations, no frozen core was used for C.
The functionals used in the calculation of the molecular orbitals were the local-density approximation ͑LDA͒ of Vosko, Wilk, and Nusair 17 augmented with the gradient correction due to Perdew and Wang 18 ͑which will be referred to as the PW91 gradient correction͒.
In calculating the NMR results of Tables I and II experimental geometries have been used. References for the geometries of the carbon compounds of Table I are given in that table. For the mercury compounds of Table II , the geometries together with references are given in Table III . Most of the geometries are gas phase, measured by either microwave spectroscopy or electron diffraction. In some references, not all geometry parameters are given. In these cases, the geometry used for the NMR calculations was fixed as far as possible using the experimental parameters, and then all undetermined parameters were optimized quasirelativistically in ADF using the PW91 gradient correction.
For the geometries of HgCl 2 ͑NH 3 ͒ 2 , HgBr 2 ͑NH 3 ͒ 2 , and HgI 2 ͑NH 3 ͒ 2 in Table II the experimental geometries 19 of HgCl 2 ͑py͒ 2 , HgBr 2 ͑py͒ 2 , and HgI 2 (py) 2 were used to fix the Hg-halide bond length and angle, and the Hg-N bond length, and the rest of the structure was geometry optimized. The geometries used are summarized in Table IV.  Tables of the experimental   199 Hg NMR shifts with respect to HgMe 2 are given in a review paper by Wrackmeyer and Contreras. 20 We have included specific references to these experimental shifts in our tables. 4 , and CI 4 using both the ZORA NMR program and the PSO quasirelativistic NMR program developed earlier by the authors of this paper. 6 The principle purpose for doing these calculations was to provide an additional check that the ZORA NMR program was performing properly.
VI. CALCULATED
C NMR SHIELDINGS
It should be noted that spin-orbit coupling ͑a relativistic effect͒ is known to add an important contribution to the 13 C shieldings ͑as well as other atom shieldings͒ when heavy atoms such as Br and I are bonded directly to the NMR probe atom. This contribution is the result of spin-orbit coupling and the magnetic field inducing a spin density in the molecule which can be detected at the NMR probe atom through a Fermi-contact interaction. For a detailed discussion of the physical mechanism of the spin-orbit contribution to NMR shieldings the reader is referred to the paper of Kaupp et al. 21 C NMR data is presented in Table I . Both the ZORA and PSO NMR shifts agree well for molecules containing atoms not heavier than Cl. This is to be expected as in these molecules relativistic effects are small. The deviation between the ZORA and PSO NMR shifts increases for the molecules containing the atoms Br and I. This is to be expected as relativistic effects are known to be large in these atoms, and ZORA incorporates the effects of relativity more completely than does PSO.
A comparison to experiment is also shown in Table I , and the absolute differences ͑diff͒ to experiment as well as the average of the absolute differences is presented. For this set of molecules, the average difference of the ZORA NMR from experiment is 9.2 ppm compared to 15.6 ppm for the PSO NMR. These results help to confirm that the ZORA NMR program is calculating the shieldings correctly according to the formulations.
VII.
199
Hg NMR SHIFTS
We shall in the following sections apply the new ZORA NMR formulation to the calculation of 199 Hg NMR shifts. To our knowledge, the only other detailed calculations of mercury shifts have been carried out by Nakatsuji. 22 They calculated the shifts of mercury chloride, bromide, and iodide, using the mercury chloride as the reference. We also calculate the shieldings for these molecules but in addition consider HgMe 2 , which is currently one of the most used internal references, 20 as well as the molecules HgMeCN, Hg͑CN͒ 2 , HgMeCl, HgMeBr, and HgMeI.
As will be discussed shortly, the experimental mercury shifts are sensitive to solvent. Therefore we also calculate shifts of the roughly tetrahedral molecules 19 Hg shifts. 20 The mercury molecules that we examine in this work are linear in the gas phase. In an electron donating solvent this is not necessarily the case. For instance, the experiments of Persson et al. 19 have established that in pyridine solutions of mercury halides, two pyridine molecules coordinate to the mercury atom forming a roughly tetrahedral complex. For mercury chloride, this results in a Cl-Hg-Cl angle of about 150°. 19 Experimental evidence indicates that complexes of similar geometry will also form in other electron donating solvents. 23 The degree to which these molecules are bent in an electron donating solvent is proportional to the coordinating ability of the solvent. In another study, Persson et al. 23 used spectroscopic evidence to show that the coordinating ability of methanol, DMSO, and pyridine to mercury dihalides increases in the order methanol Ͻ DMSO Ͻ pyridine, and that the halide-Hg-halide angle decreases correspondingly. For mercury chloride, the Cl-Hg-Cl angle was estimated to be about 175°in methanol, 162°in DMSO, and 154°in pyridine. THF coordinates even more weakly than methanol. 23 Based on these observations, it is reasonable to assume that for the solvents THF, DMSO, and pyridine, the mercury halides are closest to their gas phase nature in THF, and furtherest from their gas phase nature in pyridine.
In our calculations we have attached two ammonia molecules to the mercury halides to simulate the effect of a strong coordinating solvent. According to Persson et al., 23 ammonia coordinates more strongly than pyridine, to the point that in liquid ammonia, only mercury iodide does not dissociate.
B. The experimental geometries of the mercury compounds
Examination of the experimental bond lengths of the mercury dihalides 24 reveals that the difference in the Hghalide bond length between solid and gas phase may be as much 0.1 Å. Furthermore, variation in the literature values 25 for the Hg-halide bond length in the gas phase is as much as 0.05 Å. Admittedly, some of this literature is old ͑approxi-mate years 1930-1950͒. The most recent structure determination of HgBr 2 appears to be from 1959 where Akishin et al. 26 estimated the Hg-Br distance to be 2.41 Å. Our calculations show that a change in the bond length of 0.05 Å can affect the mercury shifts of the halides to the order of 100-200 ppm, depending on the halide. , and ''solvent'' is the solvent used in the NMR experiment.
All shifts are in ppm, all bond lengths are in angströms ͑Å͒, and all angles are in degrees (°).
A.
199
Hg NMR using experimental geometries Table II presents   199 Hg ZORA NMR shieldings and shifts calculated at experimental gas phase and crystal geometries.
For the molecules HgMe 2 , HgMeCN, Hg͑CN͒ 2 , HgMeCl, HgMeBr, HgMeI, HgCl 2 , HgBr 2 , and HgI 2 the average absolute deviation between experiment and theory is 163 ppm, corresponding to 3% of the total range for the 199 Hg chemical shift of the investigated mercury species. The largest error of 500 ppm is observed for HgBr 2 . It is not clear whether the large deviation for HgBr 2 is due to uncertainties in the geometry or deficiencies in the ZORA NMR scheme. Figure 1 illustrates graphically how the calculated NMR shifts of the halide-containing molecules compare with experiment. It is clear that the trends in the calculated NMR are in qualitative agreement with experiment. The plot of ␦ paraϩdia in Fig. 1 shows the importance of the spin-orbit coupling contribution in getting the correct trend.
Figures 2 and 3 underline the dependence of the calculated chemical shifts on the molecular geometry. Figure 2 clearly shows the linear relationship between the calculated shifts and variations in the bond length for HgCl 2 . A change of 0.01 Å in bond length results in a change of approximately 50 ppm for the calculated shifts. The change in the paramagnetic contribution is much larger than the change in the spin-orbit coupling contribution. The diamagnetic contribution is effectively constant and has not been shown in the plot. Figure 3 shows the relationship between the calculated shift of HgCl 2 and the Cl-Hg-Cl bond angle. The relationship is roughly linear with a change of 100 ppm for every 10°change in the bond angle.
In Fig. 4 
B.
199
Hg NMR using optimized bond lengths Table VI presents   199 Hg ZORA NMR shieldings and shifts relative to HgMe 2 , calculated using optimized geometries. Note that we have included the molecule Hg͑SiH 3 ͒ 2 .
Here the differences between calculated and experimental shifts are disappointingly large as a result of the deviations between optimized and experimentally determined geometries. For HgI 2 the optimized bond length is 0.08 Å longer that the experimental value, which translates into a difference of 900 ppm between shifts calculated with optimized and experimental structures, respectively, see Tables II and VI. The optimized structures for the chloridecontaining compounds are closer to the experimental estimates with the result that the shifts calculated at these geometries are more similar than for the iodine systems.
IX. CONCLUSIONS
We have presented a new method for the calculation of NMR shielding tensors. The method is based on DFT with GIAOs as basis functions and includes relativistic effects by using the ZORA scheme due to van Lenthe et al. [1] [2] [3] [4] This formulation has been implemented and the 199 Hg NMR shifts of HgMe 2 , Hg͑CN͒ 2 , HgMeCN, HgMeCl, HgMeBr, HgMeI, HgCl 2 , HgBr 2 , and HgI 2 have been calculated using both experimental and optimized geometries.
Using experimental geometries, good qualitative agreement with experiment is obtained, and quantitatively the calculated results deviate from experiment on average by 163 ppm, which is approximately 3% of the total range of 199 Hg NMR.
In addition, it has been shown that the mercury NMR shieldings of HgCl 2 depend linearly on the bond length with a change of approximately 50 ppm for each 0.01 Å change in bond length. A roughly linear relationship was also found between the shift and the X-Hg-Y bond angle with a change of 100 ppm for each incremental decrease in the bond angle by 10°. The strong dependence of calculated shifts on the structure puts high demands on the accuracy of optimized geometries if they are to be used in quantitative shift calculations.
The experimental effects of an electron donating solvent on the mercury shifts have been reproduced with calculations on HgCl 2 ͑NH 3 ͒ 2 , HgBr 2 ͑NH 3 ͒ 2 , and HgI 2 ͑NH 3 ͒ 2 . The coordinating electron donating solvent forces the mercury dihalide to bend and the bonds to stretch, thus affecting the mercury shieldings. In addition the direct interaction of the electron donating solvent with the mercury atom also affects the shieldings. Both factors are important in dertermining the correct shieldings.
